Because the physiological changes that occur in patients with acute renal failure could alter the pharmacokinetics of the drugs used to treat the disease, the pharmacokinetics of DA-1131, a new carbapenem antibiotic, were investigated after 1-min intravenous administration of the drug (50 mg/kg of body weight) to control rats and rats with uranyl nitrate-induced acute renal failure (U-ARF rats). The impaired kidney function was observed in U-ARF rats on the basis of physiological parameters observed by microscopy of the kidney and obtained by chemical analysis of the plasma. After a 1-min intravenous infusion of DA-1131, the concentrations in plasma and the total area under the plasma concentration-time curve from time zero to time infinity increased significantly in U-ARF rats compared with those in control rats (13,000 versus 4,400 g ⅐ min/ml). This was due to the significantly slower total body clearance (CL) of DA-1131 (3.84 versus 11.4 ml/min/kg) from U-ARF rats than from control rats. The significantly slower CL of DA-1131 from U-ARF rats was due to both significantly slower renal clearance (0.000635 versus 4.95 ml/min/kg because of a significant decrease in the 8-h urinary excretion of unchanged DA-1131 [1.54 versus 43.8% of the intravenous dose] due to impaired kidney function, as proved by the significant decrease in creatinine clearance [0.0159 versus 4.29 ml/min/kg]) and significantly slower nonrenal clearance (3.80 versus 6.34 ml/min/kg because of a significant decrease in the metabolism of DA-1131 in the kidney) in U-ARF rats. The amounts of DA-1131 recovered from all tissues studied (except the kidneys) were significantly higher for U-ARF rats than for control rats; however, the ratios of the amount in tissue to the concentration in plasma (except those for the kidney, small intestine, and spleen) were not significantly different between the two groups of rats, indicating that the affinity of DA-1131 for rat tissues was not changed considerably in U-ARF rats.
Drugs are eliminated from the body by metabolism (mainly in the liver) and/or excretion (mainly via the kidney by glomerular filtration and/or renal tubular secretion). It has been reported that the total body clearance (CL) renal clearance (CL R ) and/or nonrenal clearance (CL NR ) of drugs which were eliminated mainly by metabolism and by excretion were altered in rats with uranyl nitrate-induced acute renal failure (U-ARF rats). The drugs eliminated mainly by metabolism include propranolol (22) , theophylline (12) , amiodarone (8) , diltiazem (19) , azosemide (21) , DA-125, a new anthracycline (17) , and adriamycin (18) . The drugs eliminated mainly by renal excretion include vancomycin (7) and methotrexate (20) . Therefore, it could be expected that the pharmacokinetics and hence the pharmacodynamics of drugs could be altered in renal failure. It has been reported previously (17) that uranyl nitrate-induced acute renal failure causes both liver and kidney impairment in Sprague-Dawley rats on the basis of plasma chemistry data and tissue microscopy.
DA-1131, (1R,5S,6S)-(2S,4S)-2-[(E)-3-methansulfonyl amino-1-propenyl]pyrrolidine-4-ylthiol-6-[(R)-1-hydroxyethyl]-1-methyl-1-carbapen-2-em-3-carboxylic acid (Fig. 1) , a new carbapenem antibiotic, has a broad spectrum of activity against both the gram-positive and gram-negative organisms (10) . DA-1131 was resistant to degradation by various types of ␤-lactamases (4). DA-1131 was relatively stable against hydrolysis of ICR mouse, Sprague-Dawley rat, New Zealand White rabbit, beagle dog, and human renal dehydropeptidase I (DHP-I) compared with imipenem and meropenem (11) . Judging from the V max /K m ratios, DA-1131 showed relatively greater resistance (compared with those of imipenem and meropenem) to mouse, rat, rabbit, dog, and human renal DHP-I; the ratios of DA-1131 for resistance to DHP-I were from 1.3 to 4.6 times greater than those of imipenem and meropenem (unpublished data). DA-1131 is now being evaluated in a preclinical study. DA-1131 was chosen as a model drug in the present study because approximately 50% of the intravenous dose was excreted via the kidneys in rats. Therefore, changes in both CL R and CL NR of the drug could be expected in U-ARF rats.
The purpose of this study was to investigate the effect of uranyl nitrate-induced acute renal failure on the pharmacokinetics and tissue distribution of DA-1131 after intravenous administration to control and U-ARF rats.
MATERIALS AND METHODS
Chemicals. DA-1131 (as the HCl salt) was donated by the Research Laboratories of Dong-A Pharmaceutical Company (Yongin, Korea). Uranyl nitrate was purchased from BDH Chemicals Ltd. (Poole, England). The other chemicals were of reagent grade or high-performance liquid chromatography (HPLC) grade and were used without further purification.
Animals. Male Sprague-Dawley rats (weight, 265 to 320 g) were purchased from Charles River Company (Atsugi, Japan). The rats were randomly divided into two groups, control and U-ARF rats.
Induction of acute renal failure in rats by uranyl nitrate injection. Uranyl nitrate (the powder was dissolved in injectable normal saline solution to make a concentration of 0.5%), 1 ml/kg of body weight (5 mg/kg), was injected once via the tail veins of the rats to induce acute renal failure (17) . The same volume of injectable normal saline solution was similarly injected into control rats. The rats were given food (Sam Yang Company, Seoul, Korea) and water ad libitum.
Pretreatment of rats. In the early morning on the fifth day after the intravenous administration of uranyl nitrate or injectable normal saline solution, the carotid artery and the jugular vein of each rat were cannulated with polyethylene tubing (Clay Adams, Parsippany, N.J.) while the animals were under light ether anesthesia. Both cannulas were exteriorized to the dorsal side of the neck, where each cannula terminated with long silastic tubing (Dow Corning, Midland, Mich.). Both silastic tubes were covered with a wire to allow free movement of the rat. Each rat was housed individually in a rat metabolic cage (Daejong Scientific Company, Seoul, Korea) and was allowed to recover from anesthesia for 4 to 5 h before the study began. The rats were not restrained during the experimental period.
Intravenous study. DA-1131 (the HCl salt powder was dissolved in injectable normal saline solution), 50 mg/kg, was administered intravenously over 1 min via the jugular veins of control rats (n ϭ 10) and U-ARF rats (n ϭ 13). The total injection volume was approximately 1 ml. Blood samples (0.12 ml) were collected via the carotid artery at 0 (to serve as a control), 1 (at the end of the infusion), 5, 15, 30, 45, 60, 90, 120, 180, 240, 300, and 360 min after intravenous administration. Approximately 0.25 ml of heparinized injectable normal saline solution (20 U/ml) was used to flush the cannula after the collection of each blood sample to prevent blood clotting. Blood samples were immediately centrifuged to reduce the blood storage effect (the change in the concentration of DA-1131 in plasma due to the time that elapsed between the times of collection and centrifugation of the blood sample) on the concentrations of DA-1131 in plasma due to degradation (14) , and a 50-l aliquot of each plasma sample was stored at Ϫ70°C in a freezer (Revco ULT 1490 D-N-S; Western Mednics, Asheville, N.C.) until HPLC analysis of DA-1131 (16) . At the end of 8 h after the intravenous administration of DA-1131, as much blood as possible was collected via the carotid artery and each rat was killed by cervical dislocation. The blood samples were immediately centrifuged and plasma was collected for the measurement of urea nitrogen, creatinine, total protein, and albumin levels. At the same time, the metabolic cage was rinsed with 20 ml of distilled water and the rinsed material was combined with the urine sample. After measuring the exact volume of the combined urine sample, two 0.1-ml aliquots of the combined urine sample were stored at Ϫ70°C in a freezer (Revco ULT 1490 D-N-S) until HPLC analysis of DA-1131 (16) and measurement of creatinine levels. At the end (8 h) of the experiment, the whole kidneys and livers of control and U-ARF rats were excised, rinsed or perfused with injectable normal saline solution, blotted dry with tissue paper, and weighed. Small portions of the liver and kidney were fixed in 10% neutral phosphate-buffered formalin and were processed for routine histological examination by hematoxylin-eosin staining.
Study of distribution in tissue after intravenous administration. DA-1131 (the HCl salt powder was dissolved in injectable normal saline solution), 50 mg/kg, was also administered intravenously to additional control rats (n ϭ 7) and U-ARF rats (n ϭ 8) as described above. At 30 min after intravenous administration of the drug, as much blood as possible was collected from the carotid artery, and each rat was killed by cervical dislocation. Blood samples were immediately centrifuged and plasma was collected. Approximately 1 g each of brain, fat, heart, lung, stomach, small intestine, large intestine, liver, kidney, mesentery, muscle, and spleen was excised, rinsed or perfused with injectable normal saline solution to eliminate any blood remaining in the tissues (organs), blotted with tissue paper, and homogenized with 4 volumes of distilled water with a tissue homogenizer (Ultra-Turrax T25; Janke & Kunkel, IKA-Labortechnik, Staufeni, Germany). After centrifugation, two 50-l aliquots of the supernatant were stored in the freezer (Revco ULT 1490 D-N-S) at Ϫ70°C until HPLC analysis of DA-1131 (16) . Plasma samples were also diluted with 4 volumes of distilled water. All the procedures were conducted at 4°C on an ice bath.
HPLC assay. The DA-1131 in the biological samples was analyzed within 7 days by the previously reported HPLC method developed by our laboratory (16) . The mobile phase, 0.015 M KH 2 PO 4 -acetonitrile (9:1 [vol/vol]; pH 5.0), was run through a reversed-phased column at a flow rate of 0.8 ml/min, and the column effluent was monitored with a UV detector set at 300 nm. The retention time of DA-1131 was approximately 8.0 min. The detection limits of DA-1131 in human plasma, urine, and rat tissue homogenate were 0.1, 0.5, and 0.1 g/ml, respectively. The mean within-day coefficients of variation of DA-1131 in human plasma and urine were 2.85% (range, 1.76 to 5.04%) and 2.85% (range, 1.65 to 4.75%), respectively. The mean between-day coefficients of variation for the analysis of the same samples on 3 consecutive days were 2.30 and 4.29% in human plasma and urine, respectively.
Measurement of total protein, albumin, urea nitrogen, and creatinine levels. Total protein, albumin, urea nitrogen, and creatinine levels in plasma and creatinine levels in urine were measured with an Hitachi 747 instrument (Hitachi, Tokyo, Japan).
Pharmacokinetic analysis. The total area under the plasma concentrationtime curve (AUC) from time zero to time infinity (AUC 0-ϱ ) was calculated by the trapezoidal rule-extrapolation method (13) ; this method uses the logarithmic trapezoidal rule to calculate the area during the phase when the level in plasma is declining (1) and the linear trapezoidal rule for the phase when the level in plasma is rising. The area from the last datum point to infinity was estimated by dividing the last concentration measured in plasma by the terminal rate constant.
A standard method (9) was used to calculate the following pharmacokinetic parameters; the time-averaged CL, the area under the first moment of the plasma concentration-time curve (AUMC 0-ϱ ), the mean residence time (MRT), the apparent volume of distribution at steady state (V SS ), the time-averaged CL R , and the time-averaged CL NR (13) .
The mean values of CL (3), V SS (2), and terminal half-life (t 1/2 ) (6) were calculated by the harmonic mean method.
Creatinine clearance (CL CR ) was calculated by dividing the total amounts of creatinine excreted in urine over 8 h by the AUC from 0 to 8 h (AUC 0-8 ) for creatinine (the concentration of creatinine in plasma was measured 8 h after administration of the intravenous dose), assuming that the kidney function was stable during the 8-h experimental period. The kidney function seemed to be stable since the CL CR for the control rats (4.29 ml/min/kg; see Table 1 ) was very similar to the values reported in the literature (3 to 5 ml/min/kg) and the impaired kidney function in U-ARF rats continued from the third day to the fifth day after a single injection of uranyl nitrate into the rats (12, 17) .
Statistical analysis. Levels of statistical significance were assessed by the t test between two means for unpaired data. Significant differences were judged as a P value of less than 0.05. All results are expressed as means Ϯ standard deviations.
RESULTS

Induction of acute renal failure in rats.
In the U-ARF rats in the present study, the impaired kidney function was obvious; the levels of urea nitrogen in plasma (205 versus 17.1 mg/dl) and kidney weight (1.02 versus 0.803% of body weight) increased significantly and the CL CR value (0.0159 versus 4.29 ml/min/kg) decreased significantly compared with those for control rats (Table 1) . Impaired kidney function in U-ARF rats was also supported by kidney microscopy; extensive tubular necrosis was present. Similar results have also been reported elsewhere (5, 7, 8, 12, 22) . However, no significant findings were found by liver microscopy for both groups of rats and kidney microscopy for control rats. In U-ARF rats, the levels of albumin (2.37 versus 3.15 g/dl) and total protein (4.71 versus 5.48 g/dl) in plasma decreased significantly compared with those in control rats ( Table 1 ). Note that body weight gain decreased significantly for rats pretreated with uranyl nitrate (from 290 to 278 g) ( Table 1) . Pharmacokinetics of DA-1131 after intravenous administration. After intravenous administration of DA-1131 to control rats, the mean levels of DA-1131 in arterial plasma declined rapidly (Fig. 2) , with a mean t 1/2 of 15.3 min (Table 2) , and were detected only up to 2 h (Fig. 2) due to the sensitivity of our HPLC assay. However, in U-ARF rats they declined slowly (Fig. 2) , with a mean t 1/2 of 61.5 min (Table 2) , and were detected for up to 6 h (Fig. 2) . The t 1/2 values were significantly different. The concentrations of DA-1131 in plasma were significantly higher in U-ARF rats than in control rats (Fig. 2) , and this resulted in a significant increase in the AUC 0-ϱ (13,000 versus 4,400 g ⅐ min/ml) and the AUMC 0-ϱ (948,000 versus 49,600 g ⅐ min 2 /ml) for DA-1131 in U-ARF rats ( Table  2 ). The CL (3.84 versus 11.4 ml/min/kg), CL R (0.000635 versus 4.95 ml/min/kg), and CL NR (3.80 versus 6.34 ml/min/kg) of DA-1131 were significantly slower in U-ARF rats ( Table 2 ). The V SS of DA-1131 increased significantly in U-ARF rats (259 versus 124 ml/kg) ( Table 2) .
Distribution of DA-1131 in tissue after intravenous administration. The mean amounts of DA-1131 recovered from all tissues studied except kidney were significantly higher in U-ARF rats than in control rats (Table 3) . However, the ratios of the amount in tissue to the concentration in plasma (T/P ratios) for each tissue studied except the kidney, small intestine, 
DISCUSSION
The significant increase in the AUC 0-ϱ and AUMC 0-ϱ of DA-1131 in U-ARF rats was due to the significantly slower CL of DA-1131 (3.84 versus 11.4 ml/min/kg) in U-ARF rats ( Table  2 ). The significantly slower CL in U-ARF rats was due to the significantly slower both CL R (0.000635 versus 4.95 ml/min/kg) and CL NR (3.80 versus 6.34 ml/min/kg) of DA-1131 in U-ARF rats ( Table 2 ). The significantly slower CL R of DA-1131 in U-ARF rats could be due to the impaired kidney function; the CL CR value was significantly reduced (0.0159 versus 4.29 ml/ min/kg) in U-ARF rats ( Table 2 ). The impaired kidney function in U-ARF rats resulted in a significant decrease in the amounts of unchanged DA-1131 excreted in urine over 8 h (X U 0-8 ) compared with the amounts excreted unchanged from control rats (1.54 versus 43.8%) ( Table 2) . Similar results were also reported for DA-125 (17), adriamycin (18) , methotrexate (20) , and azosemide (21) . Significant decreases in the values of CL, CL R , and/or CL NR after intravenous administration of vancomycin (7), amiodarone (8) , diltiazem (19) , azosemide (21) , methotrexate (20) , and DA-125 (17) to U-ARF rats have also been reported. The contribution of biliary excretion of unchanged DA-1131 to the CL NR of DA-1131 after intravenous administration of the drug to rats seemed to be minor, because less than 1.76% of the intravenous dose of DA-1131 was excreted as unchanged drug in bile over 8 h after the intravenous administration of DA-1131 at 200 mg/kg to four to six rats (15) . Therefore, the CL NR of DA-1131 could represent the metabolic clearance of DA-1131. The significantly slower CL NR of DA-1131 in U-ARF rats could be due to the considerably slower metabolism of DA-1131 in rat kidney because rat kidney was one of the main organs into which DA-1131 disappeared (mainly due to metabolism) on the basis of an in vitro tissue homogenate study with Sprague-Dawley rats (14) .
The significant increase in the V SS of DA-1131 in U-ARF rats resulted in a significant increase in the t 1/2 (61.5 versus 15.3 min) and the MRT (71.0 versus 11.2 min) of DA-1131 in U-ARF rats (Table 2 ). This was not mainly due to the increase in the unbound fraction of DA-1131 in U-ARF rat plasma because the level of plasma protein binding of DA-1131 was considerably low in U-ARF rats (approximately 10% in Sprague-Dawley rat plasma) (15) .
DA-1131 was highly concentrated in the kidneys of the control rats (39.2 g per g of tissue), as reflected by the greaterthan-unity value of the T/P ratio (2.00) for the organ. This was expected because the kidney was the main organ excreting unchanged DA-1131 in rats (43.8% of the intravenous dose of DA-1131) ( Table 2 ). The T/P ratios of DA-1131 for all rat tissues studied (except the kidneys) were less than unity for control rats, indicating that DA-1131 has a low affinity for rat tissues. This was supported by the considerably low value of V SS of DA-1131 (124 ml/min/kg) for control rats (Table 2) . For U-ARF rats, the amounts of DA-1131 recovered from all tissues studied except the kidneys were significantly higher than those for control rats; however, the T/P ratios were not significantly different between the two groups of rats except for those for the kidneys, small intestine, and spleen (Table 3) . These data indicate that the affinity of DA-1131 for rat tissues is not affected considerably by acute renal failure.
